Candida albicans presents a well characterized EcoRI RFLP pattern of intensely staining bands. One of these bands, the dimorphic 3.7/4.2 kbp fragment shown to originate from the ribosomal RNA-encoding regions (rDNA), has been used by several investigators to subdivide C.albicans strains in two distinct subtypes. In the present manuscript, we report that an epidemiological study of 120 C.albicans strains revealed a significant correlation between these subtypes and susceptibility to 5-fluorocytosine, an antifungal agent extensively used for biotyping C.albicans. The 4.2 kbp strains being generally more susceptible than their counterparts to this agent and one of its metabolic by-product, 5-fluorouracil. A 379 nucleotides insertion in the 25S rRNA-encoding gene of 4.2 kbp type strains was shown to be responsible for the 3.7/4.2 size difference. This intervening sequence is typical of a group I intron by its site of insertion, its predicted secondary structure, and its self-splicing capability. Assuming there is a genuine causal relationship between presence of the intron and resistance to 5-fluorocytosine, one possible mechanism suggests that inhibition of self-splicing by the insertion of 5-fluorouracil residues in the 25S rRNA precursor might be responsible for the higher susceptibility of 4.2 kbp type strains.
INTRODUCTION
The usefulness of ribosomal sequences to type, classify, and detect various microorganisms has been demonstrated and widely applied to several bacterial pathogens (1, 2, 3) . Similar work with fungi remains limited even for the most frequent fungal pathogen: Candida albicans. Sequence comparison of the 18S rRNA however led to a probable phylogenetic tree of Candida species and other related fungi (4, 5) . Inter-and intra-species typing of Candida strains was also achieved by restriction fragments length polymorphism (RFLP) studies (6, 7, 8, 9) . The polymorphic tandemly-arrayed nuclear locus encoding rRNA (rDNA), in combination with the reiterated DNA segments of the mitochondrial DNA, enabled the visualization of strainspecific RFLP patterns on agarose gels stained with ethidium bromide (7, 10) . The restriction enzyme EcoRI has been reported as the most useful enzyme to delineate C.albicans strains by this procedure (7); characterization of the fragments generated by this endonuclease has further led to a relatively detailed map of the C.albicans basic rDNA repeat unit (6) . Hybridization of C.albicans total DNA digests with cloned Saccharomyces cerevisiae rDNA has revealed that the basic rDNA repeat unit apparently consists of two polymorphic (6-7 kbp, 2.5-3 kbp) and one dimorphic (3.7/4.2 kbp) EcoRI fragments. Whelan et al. (11) have demonstrated cross-hybridization between the 3.7 and 4.2 kbp fragments, suggesting that they encode homologous ribosomal sequences. Recent sequencing data (5, 12, 13) , and comparison with Saccharomyces cerevisiae (14) , have indicated that the dimorphic fragment should encode for: the 3' region of the 18S, the complete 5.8S, the 5' region of the 25S rRNA, and the two internal transcribed spacers. Subsequent studies of C.albicans infections (11, 15) and outbreaks (16, 17) used this dimorphic rDNA fragment to subdivide C.albicans strains in two subgroups referred to as DNA types IA (3.7 kbp) and IB (4.2 kbp) (15) .
Numerous hypotheses could explain this 3.7/4.2 dimorphism which, so far, had not been clearly associated with virulence (11) or any phenotypic character (15) . Possible explanations include length variations (deletion or insertion) in internal transcribed spacers or in the 25S rRNA portion of the fragment; alternatively, the occurrence of an additional EcoRI site in this region could explain the difference.
In this manuscript, we report that strains harboring the 4.2 kbp fragment are generally more susceptible to the effect of the base analogue 5-fluorocytosine, an antifungal agent. To further understand the nature of the 3.7/4.2 dimorphism, the basic rDNA repeat unit from a strain representative of each of the two subgroups was cloned. Following determination of the DNA sequence of the dimorphic regions, insertion of a group I intron in the 25S rRNA-encoding region of 4.2 kbp strain was identified. Potential implications for taxonomic purposes and possible explanations for an involvement of this intron in 5-fluorocytosine susceptibility will be further discussed.
MATERIALS AND METHODS

Candida strains
Twelve collection strains, either from the American Type Culture Collection or from the Institut Pasteur, and 108 independently isolated clinical strains were identified as C.albicans and stored according to Poirier et al. (18) . These strains appear largely unrelated since their genetic diversity was established with a specific DNA probe known to discriminate, reproducibly, closely related C.albicans strains (19) . Cloned DNA segments were obtained from strains 4-1 (DNA type IB) and 62-1 (DNA type IA) isolated from the vagina of two patients with well-documented recurrent vulvovaginal candidiasis.
5-FC and 5-FU susceptibility testing
The susceptibility to 5-FC (Sigma) and 5-FU (Sigma) of the 120 C.albicans strains was determined on yeast nitrogen base agar (Difco) as previously described (20, 21) . Collection strains with known 5-FC susceptibility (ATCC 44373: resistant; ATCC 44374: sensitive) were included in each experiments. Strains were considered resistant when they had MIC values equal or greater than 50 /ig/mL to 5-FC (incubation of 48 hours at 37°C) and greater than 100 /tg/mL to 5-FU (incubation of 5 days at 37°C).
Genomic DNA analysis DNA isolation and analysis were performed as previously described (19) . Total RNA isolation, Southern and Northern transfer, synthesis of DNA probes and hybridizations were done according to standard procedures (22) . DNA probe complementary to ribosomal RNA was synthesized with [a-32 P]dATP (New England Nuclear) using random hexanucleotide primers and reverse transcriptase. Nylon filters were hybridized overnight at 65°C in 6xSSPE, 1% sarcosyl and washed at 65°C for 15 minutes, twice in 2XSSPE, 0.1% Sarcosyl and twice in 0.5XSSPE, 0.1% sodium pyrophosphate.
Cloning and sequencing
Genomic DNA was digested with Bgin (Pharmacia). Resulting fragments were loaded on a 1 % low melting point agarose gel. The intensely staining band corresponding to the basic rDNA repeat unit was purified by elutip-d (Schleicher & Schuell), ligated to XEMBL3 BamHI arms (Promega), and packaged in vitro (BRL). The partial library obtained was screened for complete basic ribosomal repeat unit by standard plaque hybridization procedure (22) . Cloned fragments were then subcloned in Bluescript plasmid, subjected to the exonuclease HI deletion procedure (Stratagene) and sequenced on both strands by the dideoxymethod using Sequenase DNA polymerase (USBiochemicals). Confirmation of ambiguous nucleotides was achieved by priming the sequencing reaction with internal oligonucleotides.
Secondary structure folding
The prediction of secondary folding of the intron by comparative analysis was kindly performed by the laboratory of Dr Francois Michel (Centre National de la Recherche Scientifique, Centre de Ge'ne'tique Mole"culaire, Gif-sur-Yvette, France).
Intron amplification
Two 24-mer oligonucleotide primers were derived from the sequence of the intron and adjacent regions, and modified to include an EcoRI site. The clockwise primer (5'-TAT GAC TCT GAA TTC CTA TAA GGG-3') begins 9 nucleotides upstream of the intron insertion site while the second primer (5'-CTA CCT TAA GAA TTC CTC CAA GAA-3') begins 10 nucleotides downstream of the intron 3' end in counterclockwise direction (see fig. 3 ). They were then used for the PCR amplification of the intron from the Bluescript clone corresponding to subfragment 1 of strain 4-1. Reaction mixes were prepared according to GeneAmp/AmpliTaq PCR kit instructions (Perkin-Elmer). Thirty cycles of amplification were performed in a DNA Thermal Cycler (Perkin-Elmer) by incubations at 94°C for 1 min, 50°C for 2 min and 72°C for 2 min.
In vitro splicing reaction A Bluescript clone from strain 4-1, obtained after partial exonuclease deletion of subfragment I, was selected for its potential to generate distinct self-splicing products. One microgram of the plasmid was linearized with Narl and in vitro transcription using T7 RNA polymerase was allowed to take place for lh at 37°C in 80 mM Hepes-KOH pH 7.5, 16 mM MgCl 2 , 2 mM spermidine, 10 mM DTT, 0.4 mM of each of the 4 nucleotides and 50 pCi of [a-
32 P]UTP (800 Ci/mmol, New England Nuclear).
In vitro splicing was performed using a modification of established procedures (23, 24) . The transcript products were extracted with phenol:chloroform, precipitated with ethanol, and purified on a 4% polyacrylamide-urea gel. The primary transcript was located by autoradiography, eluted overnight in distilled water at 4°C, and precipitated twice with ethanol.
In vitro splicing reactions were performed with 5000 cpm of purified primary transcript in 50 mM Tris-HC1 pH 8.0, 100 mM NaCl in the presence or absence of 0.2 mM GTP and 10 mM MgC^. Individual reactions were submitted to various time and temperature conditions. Fragments generated were analyzed on a 6% polyacrylamide-urea gel. The 100 bp DNA ladder (BRL), labelled with [a-32 P]dCTP (New England Nuclear) by T4 DNA polymerase, was used as a size marker.
Statistical analysis
Statistical validity of the correlation observed between DNA type and susceptibility to 5-FC and 5-FU was determined by a CHI square test kindly performed by Gilles Lamoureux (De"partement d'informatique et de recherche ope"rationnelle, Universite de Montreal).
RESULTS
Preliminary characterization of the 3.7/4.2 dimorphism
One of the most striking variations observed among C.albicans strains, by RFLP analysis, is the appearance of a major dimorphic EcoRI fragment (7) . This dimorphism, previously used by other investigators, was further observed in our recent epidemiological study (19) . We thus further examined 120 independently isolated C.albicans strains and assigned them to either of two major DNA type subgroups, based on the observation of this highly reiterated DNA fragment; this fragment presents, for a given C.albicans strain, a size of either 3.7 kbp (DNA type IA) or 4.2 kbp (DNA type IB) (Fig. 1, panel A) . Our study revealed that 62.5% (75/120) of strains were of DNA type IA and 37.5% of DNA type IB. Precise size determination of these fragments by analysis of DNA sequencing data revealed total lengths of 3654 bp and 4033 bp respectively (5, 12, 13 and this manuscript); for ease of comparison with previous articles we will still refer to the 3.7/4.2 dimorphism. Hybridization of DNA complementary to rRNA from C.albicans confirmed that the 3.7 and 4.2 kbp EcoRI fragments are actually sequences encoding rRNA (Fig. 1, panel B) . Weaker hybridization was also observed with the known polymorphic rRNA-encoding fragments (6-7 kbp, 2.5 -3.0 kbp). Specific cross-hybridization of the gel-purified 3.7 and 4.2 kbp fragments to their counterpart in whole cell DNA digests supports previous report (11) , suggesting that they encode homologous sequences (Fig. 1, panel C and D) .
Correlation of DNA type with susceptibility to antifungal base analogues
We have compared biotyping and RFLP analysis, in an effort to establish correlations between these two procedures. It has been shown that one of the most reproducible tests involved in biotyping C.albicans strains is susceptibility to 5-FC (25, 26) . We thus looked more closely at a possible correlation between this test and presence of the dimorphic fragment. Group-specific differences were identified when DNA type subgroups and 5-FC susceptibility were compared for each of the 120 C.albicans strains. As shown in table 1, DNA type IA (3.7 kbp) strains appeared heterogeneous, but were mostly resistant to 5-FC (p < 0.001). DNA type IB, on the other hand, consisted almost exclusively of sensitive strains (p < 0.001). creating a perfect correlation between the presence of the 4.2 kbp fragment and strain susceptibility to 5-FU (Table 1) . Thus, we decided to clone the complete basic rDNA repeat unit of each type of strain in an effort to get a better understanding of the nature of the 3.7/4.2 dimorphism and of its correlation to 5-FC and 5-FU susceptibility.
Cloning of the basic rDNA repeat unit
In order to achieve the cloning of a complete basic rDNA repeat unit from a representative strain of each DNA type, we identified single restriction sites within the tandem rDNA repeats. BgUI was then chosen over Sail and NotI since it presents a single site located in the 3.7/4.2 kbp fragment which is compatible with the BamHl site of lambda EMBL3, a vector with the required cloning capacity (12-15 kbp). The basic rDNA repeat unit of strains 62-1 (DNA type IA) and 4-1 (DNA type IB) was obtained by Bgin digestion, gel-purified, and ligated to lambda EMBL3. Screening of the library was then performed by plaque hybridization using gel-purified 3.7 kbp fragment as a probe. Positive clones were double-digested with EcoRI and Sail; this procedure generated five subfragments (Fig. 2) , two of which are derived from the dimorphic 3.7/4.2 kbp fragment. One of these two subfragments is similar in length for both strains (subfragment V) while the other (subfragment I) shows a size variation similar to the one observed between the 3.7 and 4.2 kbp fragments. Subfragment I, from strains 4-1 and 62-1, was thus sequenced and an insertion of 379 base pairs was found in Characterization of the insertion Insertions of sequence elements within conserved regions of eukaryotic rRNA genes are generally intervening sequences that are removed during maturation of rRNA transcripts. To determine if the C.albicans insertion is present in mature rRNA, primers were designed to amplify this additional sequence element in order to use it as a probe. No signal could be detected upon hybridization of the amplified insertion to a Northern transfer of total C.albicans RNA from stationary phase cultures of four strains of each DNA type, including 62-1 and 4-1 (data not shown). The same blot was then hybridized under similar conditions with a 25S rDNA fragment of similar length; a strong, specific signal was obtained in this control experiment. The 379 bp insertion thus seems to be a ribosomal intervening sequence absent from mature 25S rRNA. The site of insertion of the additional sequence element supports its assignment to group I introns. It is inserted in the same CT repeat element (28, 29) as other known group I introns located in the nuclear rDNA of eucaryotes (Tetrahymena sp. TspLSUl, Physarum polycephalum PpLSU3, and Pneumocystis carinii PcLSU). Furthermore, this C.albicans intron displays a potential secondary structure comparable to all known group I introns (30) . Nine major pairing segments were defined ( Fig. 3 and 4) , as well as three additional stems (2.1,9.1,9.2) and an extension of the conserved P5 stem. This intron exhibits the somewhat conserved elements that allow formation of the characteristic catalytic core structure which invariably includes six nucleotides (Fig. 4) : presence of a U immediately upstream of the 5' splice site; this U is base-paired with a G in the PI helix, a 3' terminal G residue, an A residue in J6/J7 (joining regions) preceeding the P7 pairing and a centrally positioned G-C pairing in P7 (30, 31, 32) . This G-C pairing normally acts as the guanosine binding site necessary to the catalysis of the self-splicing reaction. The extension of the P5 stem, as well as the presence of a U as the first nucleotide in the J8/7 joining segment, suggests that this intron should be assigned to group IC as previously described by Michel & Westhof (31) .
Altogether, there was thus good theoretical arguments to the hypothesis that we isolated a new group I intron. Its self-splicing capability was demonstrated in vitro using a plasmid containing a portion of subfragment I. This plasmid was linearized with Narl and transcribed with T7 RNA polymerase (Fig. 5, panel A) . The autocatalytic process of self-splicing was already observed following completion of the in vitro transcription reaction (data not shown). To demonstrate that this process is autocatalytic, the precursor was gel-purified and shown to self-spliced only in the presence of GTP and MgCl 2 ; this process was especially efficient at elevated (56°C) temperatures (Fig. 5, panel B) . A 379 bases product, corresponding to the intron, and a 318 bases fragment corresponding to the ligated exons were both generated. Splicing intermediates were also visible especially when the splicing reaction was allowed to proceed at 37°C, their sizes are consistent with the free 5' exon (110 bases) as well as the 3' exon (208 bases) and the partially spliced product consisting of the intron with attached 3' exon (587 bases). Omission of either GTP or MgCl 2 cofactors was also shown to preclude the splicing reaction (data not shown).
DISCUSSION
A single dimorphic restriction fragment generated by EcoRI digestion of total DNA has been the basis for subdivision of C.albicans strains in two DNA types. At the beginning of this study, the nature of this dimorphism was still unexplained and its possible association with virulence or physiological characters was unknown. In the present study, we described such a correlation between these two major EcoRI RFLP DNA types of C.albicans and susceptibility to the antifungal agent 5-FC and its derivative 5-FU. Further investigation led to the identification and characterization of a group I intron located in the 25S nuclear rRNA-encoding gene. The presence or absence of this intron among C.albicans strains account for the difference observed in the rDNA 3.7/4.2 kbp fragments.
The C.albicans group I intron that we identified in the present manuscript (referred to as CaLSU in the reminder of the text) lies in a highly conserved region in which most large ribosomal subunit (LSU) introns have been mapped (33) . Similar introns have been identified in a number of microorganisms, being particularly frequent in plant and fungal organellar DNA; however, they remain rarely observed in the nuclear DNA. In nuclear-encoded LSU rRNA, group I introns have, to our knowledge, only been documented in four eucaryotes. The introncontaining 25S rRNA genes of Pneumocystis carinii are located on a well characterized chromosome (34) while those of C.albicans are distributed over homologs of chromosome R (35) . As for Tetrahymena sp., Physarum polycephalum and Didymium iridis, they have been assigned to extrachromosomal rDNA molecules (36, 37, 38) . Nuclear introns in other Deuteromycetes, such as C.albicans, have only been recently described (39) but none of them have yet been assigned to group I introns. Figure 4 . Predicted secondary structure of C.albicans group I intron. The phylogenetically conserved helical regions PI thru P9 are indicated, lntron residues are denoted by capital letters while exon residues are in lowercase letters. Boxed is the predicted PIO interactions which normally help align the exons for splicing, through pairing between the IGS (Internal Guide Sequence) and the 3' exon.
• denotes the base identified as the guanosine binding site in similar introns.
The presence of CaLSU intron allows RFLP subtyping of C.albicans strains. Such strain differences in intron content were also observed in organellar DNA of many eukaryotic microorganisms (28, 40) . In nuclear DNA, a similar phenomenon has been described in Tetrahymena pigmentosa and Tetrahymena malacensis in which only some strains harbor a group I intron in their 25S macronuclear rDNA (41) . The observation that CaLSU intron is confined to a subgroup of C.albicans strains is consistent with the fact that a natural sexual cycle has yet to be reported for C.albicans (as well as for all other fungi classified as deuteromycetes), thus preventing intron acquisition by intron minus strains. This raises the possibility of dividing C.albicans in two subtypes or subspecies based on intron presence.
Group I introns catalyze their own splicing through the action of GTP in the presence of Mg 2+ , generally without the need of any protein. These introns are usually poorly conserved in primary sequence except for four regions forming the catalytic core which overlap pairing segments P4, P6 and P7 (32) . Consensus sequences for these somewhat conserved elements have been established (30) ; however, the CaLSU intron is peculiar in the fact that it exhibits poor resemblance to other introns in these generally conserved regions. Overall identity with consensus sequences of group I intron was less than 65% (31/48 nucleotides). The usually highly conserved P7 pairing segment, which is often used as a criterion to recognize group I introns, has less than 40% identity (5/13 nucleotides) with these sequences (Table 2) . Only two other known group I introns (Ceg SSU 15 and Cem SSU 15), both from the Cladonia chlorophaea complex (42) , harbor P7 regions with less than 50% identity (6/13 nucleotides) to the consensus ( Table 2) . One of these, Cem SSU 3 In the consensus sequence, nucleotides in uppercase are >90% conserved based on published reports; nucleotides in lower case, 70 to 90% conserved; and n. no nucleotide conserved at >70%. Paired nucleotides in lower case occur >90% together.
12, seems the most closely related to CaLSU by looking at conserved sequence elements. However, consistent with other group I introns, the boundaries of CaLSU intron exhibit a U residue at the 3' end of the 5' exon and a G residue at the 3' end of the intron. The ability of group I intron to catalyze their own splicing does not appear to rely on primary structure but rather to their highly conserved secondary and tertiary structures. The predicted secondary structure of the CaLSU intron is compatible with its identification as a group IB or IC intron characterized by an extension of the P5 stem and no additional pairing segments between P7 and P3; the presence of an uracil residue as the first nucleotide of the J8/7 joining segment is however specific to group IC (31) .
The confirmation of this intervening sequence as a self-splicing intron was achieved by in vitro splicing. As for the majority of other similar introns, the reaction is only dependent on the presence of GTP and Mg 2+ and is more efficient at 56 °C than 37 °C (43, 44) . This higher efficiency results in more important accumulation of the expected splicing products (released intron and ligated exons) while the generation of intermediates is reduced (Fig. 5, panel B) .
The most striking observation presented in this manuscript concerns the higher susceptibility to 5-FC in strains harboring the intron. Susceptibility of C.albicans to 5-FC, also known as flucytosine, has been the subject of numerous studies since its introduction as an antifungal agent (45) . Development of resistant strains to this drug, during therapy, has limited its use to treatment combined with an other antifungal agent like Amphotericin B (45) . However, susceptibility to 5-FC is still extensively used as a highly discriminatory biotyping tests for C.albicans strain delineation (25, 26) .
Multiple mechanisms are certainly responsible for the effect of 5-FC (for review see: 45). Accordingly, 38.7% of 3.7 kbp strains devoid of intron are still sensitive to 5-FC. Multiple factors can thus result in 5-FC resistance, including differences in 5-FC uptake and metabolism; this is probably the case of four 4.2 kbp type strains in Table 1 that are resistant to 5-FC but susceptible to its metabolic product 5-FU. It thus appears that CaLSU intron presence is only one indicator of susceptibility, but clearly a most striking one.
Different hypotheses could be envisioned to explain this strong correlation. Strains in the 4.2 kbp subgroup could just share a closer genetic relationship with each other than with 3.7 kbp type strains, independently of intron presence. We cannot exclude a linkage between rDNA and another gene responsible for the 5-FC susceptibility phenotype. However, there is no evidence that 4.2 kbp strains are a more homogeneous group when looking at other phenotypic properties (19) . Present data also suggest that a close relationship exist even between the 3.7 and 4.2 kbp subgroup since they share 99.8% homology between their entire 25S rRNA sequence (12) ; particular RFLP profiles can also be identical in strains belonging to different subgroups (19) .
Another, most attractive possibility, is that the presence of the intron per se could render the 4.2 kbp strains more sensitive. This could be due to replacement of uracil residues by 5-FU following base analogues treatement. Such a replacement could disturb the secondary and tertiary structures of the intron, thus reducing the self-splicing capability necessary for the formation of mature 25S rRNA. Consistent with this hypothesis, Danenberg et al. (46) demonstrated that total replacement of uracil residues by 5-fluorouracil in Tetrahymena thermophila group I intron significantly reduces the yield of ligated exons produced in vitro.
It is interesting to notice that some antibiotics and antifungal agents have been shown to be inhibitory of in vitro self-splicing (47, 48, 49) . It has also been suggested that susceptibility to antimicrobial agents can be used to detect new group I introns and that new classes of antifungal agents could be developed to interact with these structures (48) . The discovery of the CaLSU intron is particularly significant in this regard and is a further demonstration of the importance of RNA-mediated catalysis in eucaryotic biology.
